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i— ABSTRACT: The article is a generalization of experimental

- and theoretical studies dealing with the development and

- improvement of methods of determining heat flux in soil. ;
N | . &
!

I= The quantitative measurement of heat flux between the surface and deep

| 1ayers of soil is an important practlcal problem whose solution can be used as

—a basis for devVeloping necessary methods of calculation and regulatlon of heat

L__,su.pplles in the soil. ' In addltaongrheateexchange between the surface and deep
.layers of the soil, as one of the terms!of the equation of heat balance of an
tactdal surface, plays an important role| in the determination of those components
..of thermal balance whose direct measurement poseg certain practical d1ff1cu1t1es
u_(turbulent_heat_exchange -and-heat losseé~throughlevaporatlon).,.Heat flux_ from -
_deep layers to the surface of the soil 15 the pr1nc1pa1 heat source reaching
“the surface at night and must be taken }nto acocount in forecasting the
...nocturnal temperature drop both of the layer of the air nearest the surface
"and of the surfdace of the soil (radiation fogs, frosts). On the basis ofga
:calculation of the consideration of the!numerous applications of quantitative
“characteristics of heat exchange in the|soil to the development of methods and
r—apparatus for their determination, a gréat deal of work has been done both in

{"the Soviet and foreign literature.

T Until recently, the method of calculating heat exchange between the

;_surface and deep layers of the soil, based on the equation of molecular |
~thermal conductivity, took the direction of increasing accuracy and reliability

_.of determination of temperature gradients in the soil and the thermophysical

{“characteristics of the latter (primarily thermoconductivity). Owing to the

[:technical complexity ofddetermining the’ temperature gradient in the soil at

%“the surface, the heat flux from the sgrfece into the depths of the soil (or
& . . . A

k‘*Numbers in the margln indicate paglnatlon 1n the foreign text. i
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— of the upper layer is usually dlsregarded. However, in many practically

L.
| _provided by these thermometers is no more than OL3°). In addition, these

Rl R L Fe vvpeee e v e ———

_vice versa) is considered as the sum of ‘the heat/flux at a depth z1 ‘and the

~*change in heat content of a layer of 5011 from the surface to this depth.

Page One Titie
The depthl 1 is selected so that “the tﬁermal regime of the soil at this depth

-w111 be close to qu351statlonary Then the vertical temperature gradient
Cover_ Pade 73
BT/Bz canlbe replaced by the reduced Eemperature differential at two hepths,

—i.e., (T - T )/(z -z ) The depth .at wh1ch the thermal regime of t the soil may

be cons1dered qua51stat10nary is usually 5-15 cm; the change in heat content

__ important cases failure to consider thﬁ change in heat content of the upper

l
|
|
|
|

~— layer of soil may lead to significant €TTors.

- To measure the soil temperature at depths up ‘to 20 cm at hydrometeorologl

[: cal stations, as well as in the maJorléy of investigative tasks, the so- calledT

s
elbow thermometers of Savinov are-used.. However, these thermometers are very

L2 e

crude and, what is most important, doréot provide the necessary temperature

1
I
+
O |
- measurement accuracy (the actual precision of the temperature measurement

i
|
. 1 .
— thermometers can only be usedwdurjngﬁthe;warm~§§aeon in unfrozen soil [1]. ;

s ' i .
Hence, in order to increase the measurement accuracy of heat flux in the soil,

|

30

A I I

i

i
it is important to develop more sophisﬁicated methods of measuring the temp-

erature distribution in the soil. |

|

As we mentioned earlier, the heatgflux from the surface into the depths

i

of the soil is determined by the equatﬁon of molecular thermoconductivity__

1__,

ot e fferenen fo o] w

. z=2

i

N

L0
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where T is the time‘interral for which {the heat flux is calculated, X is the §
thermal conductivity of the soil, c¢p i; the volume thermal capacity (p = |
density, c = specific thermal capacity). Therefore, in addition to measuring
the temperature distribution in the soJl, calculating the heat flux requires
knowledge of the thermophysical characterlstlcs of the soil (A and cp).
Development of methods of calculating thermal exchange between the surface and|

deep layers of soil at the Main Geophy51ca1 Observatory has been conducted

Even Reran . Ont

|
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_ primarily with an eye toward direct determlnatlon of heat flux from temperature
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L.distribution in the 5011 The thermal conduct1v1ty k of the soil is then

| "determined from the observed naturel temperature pattern in the depths, while
SI[--the thermal conductivity is found éé 1ts derlvatlve over the volume of thermal :
‘capacity (x = kep). Determlnathp of Ehe Nolume thermal capacity of the soil
is based on the known (tabular) thermal;capac1ty of. the solid skeleton of the
5011 and 1ts dependence on soil m01sture. In this connection, thanks to the
..work of D. L. Laykhtman [2, 3], G. Kh. Tseytin [4, 5] and others, a number of

1mportant results have been obtained Wthh make it possible in many instances

T

~to calculate with sufficient accuracy the heat flux from the surface into the

|
f _depth of the soil for time intervals of two to four hours or more, as well as.

U

i
i~on the basis of a calculation of the mean effective values of the thermo-

[ physical characterlstlcs to determine the heat flux for still shorter time |
|_phy ‘
|
20,~1ntervals. Cover Page Source
= )
L One of the most significant shortcbmings of this method is the fact that |

“"the thermoconductivity values must be determlned indirectly, through the temp-

{—erature conductivity in volume thermal capacity;|however, theddetermination of

s

!
\Sa}

r_the_latten_w1th~a -sufficient-degree— of_accuracy_poses con51derab1e~techn1cal_~“

?.d1ff1cult1es even for laboratory condltlons. Determination of temperature !

“conductivity from a sequence of observed temperature distributions in the soil

30ir,_also poses certain difficulties and is ?ot always possible.

——

‘e . Development of direct methods of détermining thermophysical characteristic;
i

(thermal conductivity, temperature conduct1v1ty and thermal capacity) of

- r --—v....

various materials essentially began at the same time as the development of the ,
f“theory of thermal conductivity. Papers?ln this field, beginning with Bio and }
-.Fourier, continue to be published at the present time, developing and improving

40 _over almost half a century. (

|

l

1

t

!

z: The specific difficulty of this problem lies in the broad range of changeﬂ
; in the thermophysical characteristics, %s well as the high degree of d1ver51ty l /70

|

—

ggf”of‘conditions under which they are determined (size, sample shape; structure

Lmof thewmaterial, admissible heating, etc.).
i ' i ;
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- Without pau51ng here to go 1nto a dlscu551on of the extensive titerature

)

|
devoted to methods of determlnlng ghermpphy51cal characteristics of various
e uneg

[_materlalsi we will merely mention that methods of stationary thermal flux are

7

| “the ones that have undergone the greatest development for diverse technical |
t_purposes thus far; this happens when a statlonary heat flux of a known power

e
| passes through a sample of material andgthe temperature gradient in the sample
l~1s measured (usually the difference in temperature at the limits of the sample)b

f on the basis of these data, the thermal!corductivity of the sample is cal-

lwculated A number of technical compllcatlons in the use of the method of
}"statlonary thermal flux [6] has led to the development of new methods, so- calleH
L.methods of a regular regime. Developed'by Professor G. M, Kondrat'yev [7] and
{"his students, these methods are based oh the relationship between the cooling
- |

l.rate, heat loss and thermophysical charagtgggsggcs of the sample (its shape

‘and size are also taken into account), {These methods, when carried out with

i
|
.
}_suff1c1ent care, allow an accuracy of determination of thermal conductivity

"and temperature conductivity of up to 5° and areiw1de1y used in technology.

__(..

L. They have a significant shortcomlng w1th respect]to.thelr use, namely, the

..laboratory conditions.in special calorlmeters, whlch does not permit them to

’“be used without significant changes under field conditions.

i

!
l
|
|
} need to remove samples for testing and the performance of measurements under f
|
|
|
|
i
|
f

n Nevertheless, the principal condltlons of a regular regime are of definite

!_interest and may be used in working outlprobe methods by discovering the re-

—lationships between heat loss and thermophysical characteristics of the medium.
i

S, - !
: l . L. t
. Probe methods [6] are of the greatest interest for determining thermo-

tphysical characteristics of soil under %ield conditions. They are based on a
“situation in which sometheat source of a certain power is located in the soil,
I under whose influence the temperaturé of the medium near the source begins to
‘“change. From the solution of the thermal conduct1v1ty equation it is possible

S

by measuring the temperature change at g point located a known distance from

l'the heat source to determine the thermal conductivity and the temperature con-

duct1v1ty of the medium. -Such a probe was developed by A. F. Chudnovskiy [6],

|~M A. Kaganov [11], D. L. Laykhtman [8]Jgnd other specialists, both Soviet and

]~ foreign, who have suggested a number odelfferent designs and methods of !

[4 ['__‘:i

Even ~ Poman 0dd
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~Measurement. Probe methods, which make it p0551b1e at any time to determlne

the value of the. thermophysical character15t1cs of the soil, make it possible

-t
i
{

51 Lto calculate the heat flux for any t1me’1nterva1 directly using. formula (1)
i and .do nob require long time 1ntervals of observat1on of the natural temperature

pattern 1n the soil at some depth in order to determine its thermophysical

l characterlstlcs. J % |
T - s e T ;
\\J; .

i In addition, probe methods give the values of the thermophysical character}
'~istics of the soil at the depth of installation of the probe, and not average !
I~ _effective values for a layer of 51gn1f1éant thickness. This makes it possible !

~to calculate with considerable accuracy]the heat flux accord1ng to formula (1).i

mFrom a great many designs of probes for.determlnlng thermophysical character- :
C s . | . .

—istics .of the soil, we selected two of the most strictly theoretically based

20 [_ones, which are also widely usedqver ag¢e Source

l

~ |
First of all, let us discuss the probe developed by D. L. Laykhtman [8]

- |

I

|

i-This probe is a linear heat source in the form of a tensed string, located a

|
25{ fixed distance r from one of the junctions of a d1fferent1a1 thermocouple

'n(the thermocouple is also made in the 1 form of awire wound parallel to a heater) /71
A continuous pulse of current is passed‘through the heater (for ~'60 to 120 secyt

At a distance from the heater, the t1me|requ1red to achieve maximum temperature

\
<

grlncrease and the value of this maximum 1ncrease are measured. On the basis

~of these data and the amount of heat emltted at the heater, one can calculate

|
“the thermal conductivity and the temperature conductivity of the medium in i
35 | “whlch the probe is located. The calculations are performed on the basis of |

“an exact solution of the equation of thermal conduct1v1ty and with the use of

—nomograms compiled by L. A. Klyuchnikova, which posed no difficulties of any

l

|
i

Yo —kind for an observer with average training,

f’ The shortcomings .of the probe include inconvenience of installation of L

|

__the soil (it is necessary to keep a distanceé between the heater and the thermo-
bsl‘couple, which frequently poses certain d1ff1cult1es, as well as the unreliabili-

|
-ty of the thermal contact of the heateriand thermocouple with the soil. The |
“latter is very important, since'theﬁsoil particles are usually greater than

_the diameter of the heater. This is theAmain reason for the significant errors

50
that have been obtalned 1n measurements,us1ng thlS "heat needle" [9]
L o~ | S

tven Roman Oda
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A heat probe with a linear heat source was deve10ped for determlnlng j
_thermophysical characteristics oﬂn§now4and was used by us under expedltlon ;
condltlons at the "North Pole 4" and "N?rth Pole 5" stations [10]. W1th some i

sllght changes in design characterlstlcs,»thls probe has also been uséd for

r*measurlngtthermophy51cal characterlstlcF of ice. } y
! R .|

The second probe which is widely used especially in the work of the Agro:_[

"7"' T

!
fjphy51ca1 Institute of the All-Union Academy of Agricultural Sciences im. V. I,

i

—Lenin, is the spherical probe of Kagano& and Chudnovskiy [11]. The probe is a .
P:thin-walled hollow sphere 2 cm in diameter. There is a coil located at the

—center of the sphere for heating it by électricity, and the junction of a dif-!

i:ferential thermocouple is attached to the inside wall; the second junction of |
! R,
~-the thermocouple is extended outside and located in the soil at a short ﬂ

distance from the probe (where 1wa111°PotS%e"%Tfected by the heatlng of the |
£~probe). An electrocurrent of constant power is passed through the coil and !
"*the temperature pattern at the surface oftthe sphere is measured. With a

|
l

~number of simplifying assumptions (thermal capacity of the probe equal to zero
[STEA
etcs), -the—solution-of the~equat10n—of~therma1 conduct1v1ty—g1ves~the following

i

expression for the temperature change of the sphere with time:

TVl

!

O

e mA— = 7 - el - e ) i

' )= 9 o (T ) |

| e "%—r[‘ '“.“’(fz'v‘k'eﬂ’ : @) |
" T iR b ' i
Ewhere q = 0.2412R is the power of the heat source at the center of the sphere I
:(I is the intensity of the current, R ig the resistance of the spiral), r is i

|
—the radius of the sphere, A is the thermal conductivity of the soil, k is its

:temperaturé conductivity, o(u) is the‘probébility integral. If in (2) we

k—expand @(r/ZVi_) in a series and limit ?urselves to the first term of the

expansion, we will obtain the following approx1mate formula for T(T) l
{
l
|

.

C |

- VA

- T(r)~.“ (1= )

| S [ |
i | | | |
§— As we can see from (3), T(t) is a }inear function of 1/v7T and '
- 4 ~4 , |
"L‘— . tllmoo T(T) o 41'Clr:. .}\._.\.._. e '—“(_4:)5 —‘!

s s
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[
- Having determlned T(r) = @, we canceasily calculate A from (4) To

determlne T(T) = o, Kaganov and, Chudnovsklyfsuggested a graphic method con-

U—}

|
~51st1ng 1n the fact that measured values of T at fixed moments of tlme are !
!

“used to plot a graph showing the dependence of, T on 1/v/t , which then.

F—[accordlng to (3)] is extrapolated 11near1y to 1/vt = 0 (1t = =). [ f
- - j

Despite its simplicity, this method has a number of shortcomings that !
:'compllcate its use. Due to the.approximate nature of formula (3) a relation- |
! |
} ship which is nearly linear is only obtalned at sufficiently high values of T,;

B ““which requires considerable time for measurement (according to the 1nstructlon9

= 1
]’u—approx1mately an hour). With a recommended current of 0.5 A, this induces a |

| _significant drying out of the soil around the probe shell. The result of the

/ ~drying of the soil is quite clearly eV1dent in Figure 1, where the values of :

20f~T are plotted as a function of G¥VE for‘mome'nrt”s'e =2, 3,4, 6 min. at a é

-~ current .of 0.1 A, which is con31derablylbelow the recommended measurement '
| regimes both with respect to the current and the measurement time (it was neceQ

l--salry to use highly sensitive galvanometers for measurlng T). Only the dry1ng :

25
tloﬁrthe-sorl—{whrch~consumes—a~port1on—of—the—heat~em&tted—by the--probe) - can—-

|
—explain instances of a decrease in theﬁtemperature of the surface of the probe1

4

] with time while accordlng to (3) the temperature‘of the probe is supposed to ?
{

la1ncrease with time, Cons1derat10n of the influence of drying of the soil in
determining its thermal physical characterlstlcs by means of the spherical l
F:probe of Kaganov and Chudnovskiy, as well as the influence of disruption of
25 |  the soil structure in inserting the probe was discussed in a paper by V. P. i
r_Deryab1n [12]. However, the practlcal Utilization of this method is d1ff1cu1t;
i

ho»-capacity of the soil by an independent #ethod.

}_due to the necessity of an additional determination of the volume thermal
! |
{—‘ [ - \ E

Figure 1. Surface Temperature
Pattern of a Spherical Probe.

—1
N
S

I
ks ';

It should be pointed out that |

Chudnovskiy obtained the solution

A
(e}
arryrTTT
:;
J>

0,2 03 04 q_{% 1 . of the equation of thermal 1

B

l - A
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,conduct1v1ty for a spherlcal probe in alform different from (2), and this led

[ to the unsuitable method of calgylgtlg {thermal conductivity. Chudnovskiy's
- a ne i

{“solutlon qay be converted to the form of (2) by replacing the varlable in the
probablllty integral. If we use Ehe solut}?n]of the equation of thermal
Lovesr Face tle
”conduct1v1ty for a spherical probe in the form (2), we can easily achleve a

51gn1f1cant reduction in measurement t1me (to 5-6 min.); in addition, we then

—

=

the temperature conductivity. To do this, it is sufficient to measure the

:-temperature increase of the surface of the sphere for two moments in time T

E:and Tye From the-?atlo/T(rl)/T(rz) we can determine k

: T () | roN ’
. 1@<
— Y (2 -’/'E::—Q) (5)

[
- t
i

After determining k, we calculate ) direct1¥ from (2). In calculating

A from (2) we can use measured values such as T(%ig»and T(Tz) The difference

determine 51mu1taneously not only the thermal conductivity of the soil but also;

i

|

—~between the values Xl and Az obtained on the be;Is of the:values of T(Tl) and

[,T(Tz) will characterlze the error in the method of determining A.

To simplify the technique of calculatlon, we can use the graphs of the

.

!

—~functions which were plotted earlier

T

i

1

_._.!....-

8
o

R

)

and T, for a given probe radius,

The calculations of thermal conducmivity and temperature conductivity of

for the prev1ously selected values of t

i‘?f‘
s e e

{

.,-———7«

the soil calculated by thls method on the ba51s of measurement durlng the

B N T TVt O T I Sy U VS U A S NSNS D N S U U U VSTV ORI G  H y p
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r-showed satisfactory agreement betweenOﬂi'andJQZ: the differences, as a rule,

5 were noted in the third and fourth 51gn1f1cant figures (see Table 1). ! To a

. _ i
| expedition of the main geophysical obse?vatory in northern Kazakhstan (1955) i
|

..certain extent the good agreementoof%&he Tesults was explained by an!improve-
Tment in the measurement apparatus emplo&ed, particularly by the rather high- |

- ! ‘
ﬁa-sensitivity and low-inertia galvanometers (GZP-47 and loop). Z
i

(]

- The relationships obtained may be used for selecting the basic parametersl
of the probe, primarily its d1men51ons.‘ As we can see from Figure 2, the

’ ..dlmen51ons of the Kaganov-Chudnovskiy probe for the values of temperature con-
5
duct1V1ty wh1ch are usually encountered k = 4.5-10° -3 cm /sec are 1nsuff1c1ent

—a high degree of accuracy (at least up to O. 01 ) wh1ch presents certain

Cover °a3e Source

l
|
I
_to obtain reliable values of k the ratio T(T )/T( ) must be determined with |
|
!
20 ~technical difficulties. However, by 1ncrea51ng the rad1us of the probe to

.2 cm, the accuracy with which k (and consequently A) are determined may / i)

..be increased significantly (w1th the same accuracy of measurement of T(Tl)/T(Tz))
25 ! ~As we can see from (5), the decrease in T and TZla}fO corresponds to an
- i

—increase in r. ~Howéver, the decréase of T and T, 1in the first place isless

—effective due to the fact that in (5) they are introduced in the power 1/2,

._and in the second place, undesirably, 1nasmuch as this reduces the values of

30

"T(rl) and T(TZ) and increases the nonunlformlty of the initial distribution of

i_the temperature within the body of the probe.

.._..

Figure 2. Ratio T2/T6

for the Surface of a
a3 ‘ Spherical Probe with !

= 0.5cm (1), 1 cm (Zﬂ
and 2 cm (3).

a
i

In the practical

~utilization of the

spherical probe to

S0 K-10° ' determine the thermo-

i
T e A therno- |
- o TUmAIAT - . ST - _";1

I
>
sl
S
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i
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§4character15t1csfof natural soils 1t is usually necessary to deal with the

s
d1ff1cu1ty of installing the probe 1n the 5011 The spherical shape of the
«probe does not aldow its 1nsta11at10n w&thout significant disruption of the !
t
i

| natural structure of the soil, nThIS makes 1t p0531b1e to use spher1ca1 probes

l wOVETr \Cr

-for all p%actlcal purposes only for loose 5011 (sand). The recommendatlons of
f'the authors regarding the timely 1nsta11at10n of the probes in order that the

|
|
t
}
L—structure of the soil will have a chance to recover when the measurements are %
n
L“made, is not very effective and cannot»alweys be accomplished. In this regard,
|

|_the cylindrical shape of the probe has unquestioned advantages.

1

"“ i

— To determine the thermal conduct1v1ty of the soil by means .of a’ e

cy11ndr1cal probe, it is necessary to. f1nd the expression for the temperature '
v-of some point on the probe as a functlon of the power of the heater and the
thermophysical characteristics %&V%héfmedium.(soﬁl) in which the probe is

i_located. After measuring the temperature and knowing the power of the heater, |

“we will obtain an equation for determining the thermophysical characteristics |

L
!.of the medium, Mathematically, this problem may |be formulated as follows.

_leen a-.long. cylinder w1th—a~rad1us-R~w1th.thermophys1ca1 characterlstlcs,kl__“
guand A (temperature conductivity -and thermal conduct1v1ty), Within the 3

cy11nder, a heat source operates at a constant power q. The initial tempera-

[

_.tures of the cylinder and the medium equal zero (we will find the excess of

*‘the temperature over its initial Value)L Then, for the distribution of the

i

- temperature in the cylinder (1) and the'medium (2), we will obtain the follow-

T N A

1ng equations [13]:
4
PN e |
| 1,)1 _ﬂk'[—")r—?‘—_i——r.ﬁ']"o'r ,+ rn 0<r<R), ‘ i6)
-

oty (r, <) 2y (r 1) 0ty (r,
ot ,=k"[ Qarzw + -4 2((7:1)] (R<'<m)

(7

As the boundary conditions for solving these equations, we will use the

follow1ng

|
|
.01, (0,
0D 00,000, l ®) |
[ :
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!- Theﬂphysical sense of these conditions is quite obvious. To solve the i
; _equations, let us use the familiar Laplace transform [14]. Then, instead of ;
! -equations in partial derivatives for the distribution of the temperature in ;
%:the cylinder and the 5011, we will obta;n ordinary differential equations for
§~the representations of the temperature én the plane of a complek variable: |
F STy =4 [bef's)* %Lﬂ)‘r’fﬁﬂﬁi‘ﬁ | (11)
i ST =B [EE 4 SR, e
- : h f"—_‘— T

- : : () A
iin which the complex variable s may be viewed as|a parameter. The solutions g
--to these'equations are obtained in the‘followihg?fashion: é

_:,.M (VK)(_)_
VD Sl el Ea) |

i ]
\3
—_—
\

»
N—

I
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[~
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i

T
1
|
|
1
i
i
i
!
I

T
T
t
2~
—
aﬁ |
J_’/.
&
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aﬁ
N

S Tyir, s = Pl

,O(WR)K.(V—R) (Vi )K(_) aef

T

.-.‘.-.—‘-—‘.‘—-.
1 i

|
where I (z) and K (z) are the modified Bessel functions of the first and

[72), to its original t(r, 1), we will obtain for the surface of the probe

1
!
l
! second type of v order. Shifting from the representation of the function T(r,!

; e () + b'(l*)l

o L TR TR R T R — TR T TR sl K ed e ae e

' ‘ £ (R, = ,_Mf(l TR ) Iy (u) 1y () d {
{__, A e J oM T e (15)
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- temperature of the surface of the cylinarical probe.

! Ty oI
~where R

, "w>Yo(V~~v)~f~<»>*’<l/"' o
; =V E eV

LR o

P (p) =

! [

—
1 N

and the temperature conductivityf

o

To determine the thermal conductivity Ay
["of the soil K2 according to this formulé, it is necessary to measure the in-
[ :

\-crease in the surface temperature of th? probe at two different times. We

us the desired values K, and ). !
]

Sufficiently good results in, theadetermlnatlon of thermophysical character-

:iStICS of the soil may be obtained by u$1ng a simplified formula for the !

i

i

l

S t l
will obtain a system of two equations with two unknowns, whose solution gives |
3 ' l

—

This formulalié_ébtéiﬁbdﬂ
'~from equation (15) with several simplif&iﬁg assqutions, the most important of!

|
which is the disregard of the thermal capa01ty of(mhe probe. This solution,

L
——

)’ \\ | (16)]

(
in the form

2V Kz

!
“was used by A. D, Maysener [15]. Determination of the thermal conductivity
i.and the temperature conductivity accord%ng to this formula is carried out |
f‘similarly to their determination by means of a spherical probe using formula

- (2).

" determined from the previously plotted graph for the given probe.

Here again, the ratio T(Tl)/T(Tz)idepends only on K, which is also

Having

[‘determlned K, we can determine ) as well from the equation for T(Tl) or for

T‘T(TZ) '

l"“

i

l
é i and:K
. 1 2

é(n) and w(u) of the sign of the Bessel function I!(u)

“*Similarly, in formulas (13) and (15) K

iandk
"should everywhere read: I(u) with approprlate subscript.

e et e e e o nE

. _ o
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i A considerable increase in the accuracy of determination of thermo-
phy51ca1 characteristics of soil. accordlng to formulas (2) and (8) may be

nachleved rf we use the value q to calculate the quantity of heat whlch is ex-
pended 1n[ra151ng the temperature of the probe This quantity of heat may be

L«calculated easily from the known thermal capac1ty of the probe and the increase!

"in the temperature of its surface.

Preliminary results obtained with a AFI' spherical probe, as well as with

e
t

~models of cyllndrlcal probes, indicate that-w1th ‘a’rylindrical probe it is

|

p0551b1e to ensure an- accuracy of measurement of thermosphysical characteristics

_of soil of two to three percent with a measurement time of 10 to 15 minutes.

[
.
i Mention should also be made of the,theoretlcal p0551b111ty of using probes
T |
% “to determine the thermdphy51cal charactéristics of media in which heating
over _Pace Souice
;~causes phenomena that distort the values of thermal conductivity and temperature

conduct1v1ty (for example, thawing of frozen soil, '
etc.). These possibilities were tested experimentally jointly with D. L. E
Laykhtman in determining the molecular thermal conduct1v1ty and temperature .}

Lh
conductivity of water. To do this, 1 the,dlstorted values of K' "and X" of water

were determined at different degrees of'heatlng of the heater'(due to changes

R

~in the intensity of the current in the latter) and the results were extrapolated

~for a zero value of heating. Then the relatlonshlp of K' and A' in the system

wr—— - —

—of coordinates K - AT and In A - Q is qu1te well incorporatéd in a lihear re- |

1at10nsh1p (Figures 3-and 4). For other phenomena assoc1ated with the change

— T r———

in the themmophysical characteristics, these relationships will obviously be
!‘sllghtly different but their experlmental determination will not pose any
[~part1cular difficulty, thus making it pdssible to obtain sufficient accuracy
! by extrapolation, especially since extrapolation is carried out over a com-

_paratlvely narrow range AT (2-3° ).

Hence with a sufficiently re11able determination of the thermophy51ca1

T~T“

icharacterlstlcslof the soil the heat flux on the surface into the depths for

t”any time interval may be calculated by formula (1). As we can see from this

;’formula, the error in the value of the heat flux at the depth of the quasi- :

| — i

’"stationary layer will be composed of théjerror in measurement of A and the

A
—_— — ——
L L.l 13
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r:and the error in the determination of BT/az (or AT/z1 When using

22).
~refined methods of determining thermd@hyéibeﬂecharacteristics, the error in
. i

e £t e £ e e ottt ot + ot oo it rmen < x s res e oy
|
}
|

Kf*the determination of A will not exceed 3 to 5°. As a result, the error in

v determlnlng the heat flux. due tanhe.er&or11nzdeterm1nat10n of X w111'also be

i no more than 3 to 5%. 3 l '

10 s log (103 )
K10 _ ’ L ;
o ‘ 04 :
i 0’2
!!
0 00 420 0% D40 )
20 85 lource
. - |
Figure 4. Thermal Conductivity
.0f Water as a Function of
E ICurrent Strength in a Probe
25 7 . , A . [Heater.
0 5 70 5an PSR 5 s A ,

at l ’ .

Figure 3. Temperature Conductivity of An error in measuring

—.a Probe at Various Values of the Heater! the temperature differential
_Temperature. :

_,__ /.
S

will produce a constant error |

in the value of the heat fluk

35 *which will be independent of the heat flux value. In the Savinov elbow thermo-

meters used in the network for measurlng soil temperature, the magnltude of
thlS error. amounts tolO 04 X on the average which at average heat flux values

r__1n the soil at a depth of the qua51statTonary layer for middle latitudes is on

H0 ~the ordér of 5°10 -4 calories per cmz/sec is approximately 25%. At low heat
._flux values (1 5°10° calories per cmz/sec) even the sign of the heat flux may |
“be incorrect. |
b3 |

. . i . . .
Increasing the accuracy of soil temperature measurements likewise makes

i
o . |
it possible to decrease the magnitude of this constant error., Thus, the use

[jof remote electric thermometers for t%?§ﬁ purposes, which ensure a temperature |
N A :

DC{;measurement accuracy of Q.1° [16], obviously makes it possible to reduce this i

.L*«'error*'from'"0":04'0'“1:0 00157~ d e :

o dnim o Pm mrm e mn s ame e e ALKV mm o ool o e g |
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Determlnatlon of the change in the]heat content of the 5011 layer usually

does not pose difficulties, espe01a11y 51nce the volume heat capacity can be

[ A

determined as the ratio of. the fractionyx/K or can be determined by the nature;
of the 5011 Due to the fact that thlS portion of the heat flux is usually i
--small in absolute value (the thickness: of the layer of nonstationary thermal i
reglme is usually small), the thermal capac1ty can be determined with low :

--accuracy. 1

('——"" r*r*—**- s

.

Regardless of 'the possibilities presented here for increasing the accuracy,

AT

of determination of the heat fluxes in the soil and the simplification of the

i ,
{~ach1evement of the necessary measurements and calculations, this method of !

‘t_determlnlng heat exchange between the surface and deep layexs of the soil is

0

n
[

L0

s

.\
F_""""*T

-still laborious. Considerable possibilities in this regard are opened up by

AL

d1rect methods of heat flux medsiirement J&nS%bﬁﬂ?

-in solids, so-called heat-meters have begun to be used. Heat-meters are

|
plates, disks, or strips (depending on their spec%fif application) mdde of a

L—materlal with a known thermal conduct1v1ty In a quasistationary megime, the |

i
|
Recently, primarily in techniques for the direct measurement of heat flux':
l
l
!
l

“heat flux through the body of the heat—meter, directed perpendicular to its f

..surface may be written with sufficient accuracy in the fomm |

LR, , AT - .
Q= e (17)J

e

r“where h is the thickness and A' is the thermal conductivity of the sheet of ‘

TITTTTTTU

“the heat-meter, AT is the temperature differential on its surfaces. For measué-
ing the temperature differential on the|surfaces of the heat-meter, a battery

f_of thermocouples is usually employed; several of their junctions are located

| _
The basic problem with using heat @eters for measuring heat fluxes is the

T

|
|
!
i
l-on the upper surface while others are on the lower. {
i
I
1

determinatlon of the ratio between the heat flux through'the heat/meter and

|

“were based on a simple assumption that the heat flux through the heat meter is |

the heat flux in the surrounding medium, The first attempts\to use heat meters

—equal to the heat flux in the medium.NAHowever, this assumption obviously |

| SRR

._.r-.-__...
1

f
*f
4
1
]
[
i
5
i
{

roam -

0

T 15
Ever Rcman 0cdd

/78

—



20 [~

25 !

30

35

40

b5

56

Pl r— R T e o R e i A A Am ST AN mme e iae e S 4 i £ TR 4 A i WA i e A o MM b et 2ty

l_is valid only when the thermophys1ca1 characterlstlcs of the heat meter and the

“medium are the same. In the geneﬁ§l &%ge, }he heat flux through the heat
. Fage i
..meter is proportional to the heat flux %n the medium in which it is located

~'so that the coefficient of proportlonallty depends on the size of thexheat .

cver Pacde

et

—meter andfthe thermophysical characterlftlcs of the. medluq}and the heat meter,

. Taking into account the d1fference11n heat flux through the/heat meter

“and the heat flux in the medium in which it is located, G. A. Al'perovich [17]

—.proposed a special method for calibratihg heat meters.

. !
- This method consists in measuring the temperature differential on the

“'surfaces of the heat meter with fixed velues of the stationary heat flux
_.developed in a special apparatus. The ﬁifferences in thermophysical character-

f"istics of the medium in which the heat ﬁeter is calibrated and of the medium
Co P .
.in which it will be used are essent1aIi§ed1sregarded In technical measure-

“ments this is permissible, but for our %urposes such an allowance would be i

excessively rough. |
i -
An attempt to obtain an analytical: relatloneh‘p)between the heat flux inj |

i i
”the soil and the heat flux through the heat mete%, located in it, at a certain !

-

depth undertaken by A. G. Kolesnikov an% A. A, Speranskaya [18] also did not
[*meet with success. Excessively generalized equations, used as the basis for

_determination of the temperature field near the heat meter led to a rough

—estimate and an incorrect conclusion that the heat flux through the heat meter
g

_is practically equal to the heat flux i# the soil at any values of the thermal

[:conductivity of the soil and heat meter|

- For a smoother interpretation of the physical picture of the propagation
:of heat in soil in which a heat meter is installed, it.is possible to use the
—basic concepts of mathematical field theory. For the sake of simplicity of
:calculations, we shall assume that the soil constitutes a homogeneous medium
— (in the thermophysical sense) with a thermal conductivity A, and with the heat
[~ | _flux in the soil being stationary, while a heat meter with a thermal conducti-

V1ty A' is mounted at a distance from the surface such that the variations in

the temperature field at the surface othhe soil will be negligibly small
. NAS
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%- The latter condltlon makes it p0551b1e to view the soil as an unbounded |
f’medlum without internal sources 1nbwh&ch 2. statlonary heat flux is assumed. |

!

L-In addition, for the sake of 51mp11c1ty«we shall view the plane problem when

[ the dimensions of the heat metg? are 1nf1n1te in one direction that 1s per-

cva2r \3 Iicie

‘ pendlculaf to the heat flux. This restriction is quite serious, but the results

[“obtained may be extended without con51d£rab1e difficulty to bodies in the shape

t

--of a dlSk, etc, w1th a transition to a cylindrical system of ‘coordinates.

f By locating the origin of the coorginates in the center of the heat meter
; and directing axis x along the normal to this surface, we will obtain for the |

}_established plane flux without sources:f i
!_’ i . ) B ‘ ;

- g ey

- o Curl Q= 2% _ 99 _
{_ ) ox dy -~

_ e I e e

“1.e., the usual equations for potential;flow. Th? $ple of the potential is
, AN

played here by thé temperature T:

o

; |
| ! |

e e o e OSSN .

. 0T r 1 |
| Q-———)\grddr Q\~—-'_) :”V’ Qy:"“—)\ﬂ' i (19)’

i |
| | |
From (18) and (19) we can concludeithat the expression l/A (Qy dx - Q dy)

i 7T

i_is the complete differential of some functlon U= U(x, y), which is completely

~analogous to the current' function in hy?romechanlcs. U(x, y) is linked to

I
|
i
temperature by the Koshi-Riemann conditions: i
e e e e e — e = '
o or I |

ox T oy _—-TQ.\'
oU T 1
757F::3;“~—fx-Qx

VT

|

The lines én which U(x, y) assumesiconstant values may be viewed as heat

T

flux lines [19]. Then, by analogy withithe equations of hydromechanics for i
‘*flow around a flat disk of finite dimgﬁééons by a current of ideal fluid [20],]

!
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--the solution of the equatlons for flow around the disk of the heat meter by a

heat flux also gives ' an” exponentlal relatlonshlp for the. temperature distribu-

(L S PORRWE i

-tion near]the heat meter with respect to the distance from its center. Then,
_instead of the condition of equallty ‘o zero of the fluid flux through the
—so0lid dlSk we use the condition of equallty of the normal components of the

heat flux in a medium and in a heat meter at the interface:

: L, T
—rar = M J

For the heat flux through the heat meter, we will obtain the ratio in the .

o
XD
~

vy
¥ [ ‘

~ following form:

L . . i

- garteE

(21)

[“where a is a constant. The dependence of the conversion factor for the heat

~meter A = Q/Q' is obtained in the form | .

|

- T Tt S
" _‘3?’?A(l.~_l')~_d_,-;l (22)

-

- As we can see from (22), if A' = Aﬁ A = 1 and the heat flux through the

. .| .
f‘heat meter is equal to the heat flux'in; the soil. !
n | SR
. It should be pointed out that a similar relationship of the conversion /

s :
» 1_factor for the heat meter was assumed-oh the basis of purely qualitative con-

'~ siderations by D. Portman [22]. ;
- .
I~ The data presented in [22] on the generalization of experimental data is |
rnin satisfactory agreement with the form' of - the relationship adopted.
- Taking the logarithm and different?ating expression (22), we will have %

' - A Nan ‘

- L T*“:'_f ‘ ] (23)
= S i
- [
- ;
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_ Usually the value ‘a is less than one (under the condltlon that the width
of the heat meter is considerably greater than the thickness); if ' <A, the
5r.relatlve change in the conver51en factor w111 be less than the relatlve change
~in the thermal conductivity of the 5011 1 e., within certain limits of !
-- CaNE car :f
varlatlon;of the themmal conduct1v1ty of the soil the conversion factor for
~the heat meter may be considered roughly constant.
101 ' .
-~ This has been used as a basis for the suggested method of using the heat
| _meter to measure heat fluxes in soil.
[ C e gs : . . :
- As is indicated by. analysis of the data from a measurement of the thermo- |

5 . : :

! physical characteristics of soil, the latter change comparatively slowly.

I

}_Abrupt changes have an episodic nature and are associated with periods of ex-
|

'~cessive rain and other phenomena that are seasonal as a rule.

|

20 . Covar Jate Suurne |
— The determination of A can be carried out in practlce more conveniently

[iby measuring Q and Q'. |
' _ :

° ! ¢
B To calculate Q, we can use the method described above for measuring the

25

thermophysical characteristics. of the 5011 and the temperature_distribution in

-
; it. Then, for a reliable determination of A, it is sufficient to have three
| or four values of Q. To shorten the caiculationé, it is convenient to use
30 ( instead of A the coefficient A' = -)! A/h Then Q = A'AT. Figure 5 shows the
Y—heat flux curve in soil according to heat meter data for the 23-24 August 1958
1 at the MGO station in Koltushiye. This' heat meter was a flat ring 1 cm thick
35 }~made of plex1g1as The even junctions of a thermopile were uniformly attached

fnto the upper surface of the heat meter, wh11e the odd junctions were located

i~ on the lower surface. The thermopile con51sted of 20 pairs of junctions made

_of rolled manganin-constantan strip, O. 05 mm thick. To measure the heat flow

40
(“1n this battery, a M-91 microammeter w1th a R-4 universal shunt was used. When

i

set to maximum sensitivity, one division on the microammeter scale corresponded
to 0.007°. Subsequently the microammetér was replaced by a less accurate

ks I~ ;_moving magnetic needle galvanometer (M- 117/3), which does not require shuntlng

_,__

I
[

»-at high heat flux values. i

50
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L ' Figure 5. Heat Flux 48'Indicdtéd’ by %A Heat Meter (1) and
- Calculated Values of Heat Flux (2) for the 23-24 August.
L : ;
: The control values for'heat flux obtained from the data on thermal
- conductivity of the soil and _the temperature distribution in it are _marked -
L_w11:h an asterisk (*) [2]. As we can. see from Figure 6, the differences lie
i—within the limits of accuracy of the cohtrol method. The value of the coef-
ficient A was found to be equal to 0. 587 +10 -4 cél/cmzsec-deg.

Q- 10 cal/cmzsec

SF
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Figure 6. Heat Flux as Indlcated by Heat Meter (1)

. and Calculated Values for- Heat Flux (2), 5-6 October.
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Figure 6 shows the curve of the change in heat flux in the soil as

:indicated by the same heat meter, for .the Sth-6th October 1958. The heat flux ;

. F-values were calculated with the same value of A, As we can see from the distri-

- I ' - k3
bution of |the control values for the heat .flux, in this case also the.deviations

~1lie withiﬁ the limits of accuracy of tﬁe control method. An analysis; of the

fwdata for all intermediate days shows the same agreement. Consequently, during
%~the period from August through September the value of the conversion factor |
remalned constant, regardless of certaln variations 1n the thermal conduct1v1ty
-of the soil (from 0.0025 to 0,0030 cal/cmzsec *deg, i.e., by 20%).

Ul

T“T"'“”'*'

In September 1959, this heat meteri was used to measure heat flux in con-
_junction with the work of the joint expedltlon to study the structure:.of the
-layer of the atmosphere closest to the ground in southern Kazakhstan (Kyzyl--
20

" —Kumy) . As we expected, the coriversioh Factor for the heat meter A remained
] eopstant[during the entire working peried of the expedition. According to data
i_from direct measurements, the thermal conductivity of the soil at the point of

i
ikninstallation of the heat meter was 0.00982 cal/cmzsec-deg. The conversion

Ny
A %21

! ! R -
Llfaetor—£or—therheat—metermAL-was foundmto—bewequafito-0.440:10-4 cal/cm?seCa ’
«deg. Hence, when the thermal conductivity of the.soil changed by a factor of
_three or a little more. . ; : —
30 ,
As an‘example of the observed pattern for heat flux as indicated by the
-heat meter on this expedition, we have plotted in Flgure 7 the results of ‘

measurements for the 16-17 September 1959 (Curve 2). In thlS figure (Curve 1):

‘7"7"T"T‘F*?L”—"'T"‘

-we have also ‘included the results of heat flux measurements. 'as indicated by a
{:heat meter with lesser thickness (0.6 cm). The somewhat greater thermal !

P~capacity of the heat meter 1 cm thickﬂIEads to a slight delay in the phase of

hoﬁ:the corresponding values of the heat flux. This figure also clearly shows

—~the slight delay in the heat flux values obtained on the basis of the thermo-
) !
[:meter data. This may also be explained by the significant thermal capacity of

k- the metal'regigtaﬁeeftﬁer5555ter§“ywe are referring to the thermal capacity
_relative to a unit volume). In this case, this delay in.time is comparatively.

~small and is not of significant importance. However, if we ‘take into account

f |

{ the considerably greater mass of the 5011 extraction thermometers used in the

...network we can conclude that their delay is severalfold greater. It should |

L B L CL R I -~ o
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—also be p01nted out that there is a good agreement of the data from both heat ;
_.meters, which is due to a certatnﬂﬂeg;ee-tpuap,addltlonal averaging of the }'
5 heat. flux jover the area. : | ' ' '
= Gover Fade Yii:z i .
- Q-104 cal/cmzsec 1 . o :
'
}..;-
15 i: ;
20 |~ |
» |
| I
r_- i
-
25 {_ o
: Figure 7. Heat Flux as Indlcated by Heat Meter h = 0 6 cm (1) h = 1 0
4 cm (2) and Calculated Heat Flux Values (3).
30 -

— In conjunction with the error in measurement of heat flux in the soil,

::the heat meter (in comparison with calculation methods) has the unquestioned |
~advantage that the constant error due tb the'errorﬁin measurement of tempera-
35’fture differential on its surfaces may be reduced to a negligibly small value
by appropriate calculations of the sensitivity of the thermopile. In particular,

L_the heat meter which we used in Koltushaya allowed measurement of temperature
{

L0 — differential on the surfaces with an accuracy up to 0.002°, which corresponds |
to the error in the heat flux value through the heat meter of 0.002 A',

L»However, the error due to change of conyer51on factor w1th decreasing heat

| flux value decreases. §

s i ; <
r' Thus, the control measurements of the conver51on factor may be performed

s i

- episodically, selectlng times when the heat flux in the soil is sufficiently

" high. Then the error in the calculatgqn*method will be less.
L ‘ PRy '
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- By means of the heat meter, 1t is easy to achleve automatic recordlng of e
|_heat flux in the soil. To do thlS, it 1s merely necessary to use instead of

— the galvanometer a suff1c1ent1y sen51t1ve recording electric measuring device

!

I !

Hence, the use of a heat meter to measure heat flux in the soil consider—‘,

Ui

”’(for examgle, the EPP-09 or galvanograph)

~ably reduces the laboriousness of determining heat flux, reducing all operatlons

[&4

iy T

to reading of a galvanometer and multiplying it by a conversion factor. The
~-conversion. factor can be monitored apprfx1mately once a month, selecting days

“when the heat flux value is sufficiently high.

—
A%

> »-,—-.,.- l—‘—

To check. the conversion factor, the heat flux in the soil should be de-

]

--termined as the derivative of the thermal conductivity of the soil over the

’ temperature gradient in it. Then to measure the temperature distribution in /84

SOVE Z).,k’v oY
20 ~the soil, it is necessary to use re51stant thermometers which will allow suf-

{ ficient accuracy of measurement and w111 have a comparatively low thermal
i
~acapacity.

25 Th15~method may be recommended for e exten51ve ut111zat10n at hydrometeoro-

logical stations.

’
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